The hematopoietic system remains robust with regards to extrinsic perturbations, in sharp contrast with the stochastic behavior of hematopoeitic stem cells (HSCs) at the single cell level, suggesting that stability may be achieved within a stem cell system that undergoes constant self-renewal, commitment to differentiation and generates cell type diversification. Converging evidence at the interface of cellular, molecular and numerical studies suggests that diversity is generated by the chaotic dynamics of transcription factor networks within a cell and of the combination of growth factors and cytokines in the environment, both involving cooperation and competition. Current evidence indicates that HSCs are primed for multilineage gene expression. A subtle shift in transcription factor dosage is sufficient to perturb this equilibrium and to drive lineage commitment that involves a resolution of complexity at the molecular level and a transition towards less chaotic behavior. This dynamical instability establishes a state of responsiveness to extrinsic signals. Evolutionary conserved environmental cues that drive pattern formation or migratory behavior during embryonic development operate in the adult to influence the decision between self-renewal and differentiation in HSCs, as exemplified by the role of Notch1, Wnt proteins, BMPs and VEGF. In contrast, a network of cytokines uniquely present in mammalians influences later developmental stages, from progenitors with more restricted potentials (tri-, bi-or unipotent) to mature functional cells. These cytokines have co-opted the ancient Jak-STAT pathway but also appear to trigger lineage-affiliated transcription factors, thus linking environmental signaling to cell fate decisions. Oncogene (2004 Oncogene ( ) 23, 7188-7198. doi:10.1038 Keywords: lineage diversification; chaos theory; nonlinear dynamics; transcription factor networks; hematopoietic growth factors Hematological parameters have always served as reliable clinical indicators of health or disease. Indeed, the numbers and distribution of the different cell types in the peripheral blood exhibit little variation under steady-state conditions while in response to stress, these parameters vary greatly and then return to basal levels when the source of stress disappears. These observations indicate that the production of differentiated hematopoietic cells is tightly regulated. Since hematopoietic stem cells (HSCs) maintain the life-long production of diverse cell types, it was inferred that HSCs are fundamental in creating and sustaining cell type diversity and, as a consequence, stem cells must be the targets of control mechanisms that operate to maintain the balanced production of diverse blood cells (Till et al., 1964) . The 40 years of research have substantiated the ultimate importance of HSCs in this process, and have added levels of complexity to our understanding of cell type diversification.
Stochastic or instructive?
HSCs that enter cell division are faced with the fundamental options to self-renew or differentiate, a process described as birth or death. Once multilineage cells are committed to differentiation, they either engage in myeloid differentiation to generate common myeloid progenitors (CMP) or take the lymphoid path to generate common lymphoid progenitors (CLP) . These progenitors undergo further commitment steps that restrict their developmental potentials, either in terms of proliferative or lineage potentials (Figure 1 ). Whether lineage restriction is gradual or catastrophic, a central question remains outstanding with regards to the generation of diversity: how does it occur and what are the mechanisms that govern cell fate decisions at critical branch points of the hematopoietic system? The debate has evolved around two contrasting lines of thoughts: the stochastic hypothesis implies that lineage choice is a cell-intrinsic process that occurs at random, while the inductive hypothesis infers the existence of external cues that drive cell fate. As usual, the increased sophistication of investigational approaches hints to the necessity of a new theoretical framework to grasp the generation of diversity in the hematopoietic system.
The possibility of quantitating the number of multipotential hematopoietic progenitors through spleen colony assays sets the stage to experimental testing.
The birth and death process could be studied experimentally through the capacity of these multipotent cells to give rise to other multipotent cells in their progenies and therefore to sustain multipotentiality, a process that approximates self-renawal or birth. In contrast, the emergence of committed progenitors with restricted differentiation potentials would lead to an extinction of multipotentiality and considered a death process. Assuming that this choice is independent of the previous history of the cells, probabilistic methods were used to model colony formation through simple computer simulations. These initial experiments revealed the intrinsic heterogeneity of CFU-S with regards to their capacities to give rise to other CFU-S in their progenies and suggest randomness at the single cell levels, in sharp contrast with the orderly behaviour of the system in its ensemble (Till et al., 1964) . Opponents to the stochastic hypothesis proposed the existence of a hematopoietic inductive microenvironment in the spleen, which proved to be more difficult to address experimentally. With the advent of blastocyst implantation and the possibility of creating chimeric mice, more sophisticated experiments recently suggest that hematopoietic cells can be 'reprogrammed' by their environments. For example, during fetal development, globin gene expression switches from an embryonic program that takes place in yolk sac blood islands to an adult program when definitive hematopoiesis settles in the fetal liver and later moves to the bone marrow. Surprisingly, injection of adult HSCs into blastocysts yielded embryos that expressed donorderived embryonic globins at the appropriate stages of development and conversely, embryonic and fetal progenitors transplanted into adult recipients were found to express adult type globins (Geiger et al., 1998) . These observations suggest that the hematopoietic microenvironment may control the fate of transplanted progenitors, providing further arguments into the stochastic versus inductive debate. At the heart of this debate is the question of randomness and determinism that has relevance in hematopoiesis and far beyond.
The importance of being nonlinear (Strogatz, 1994) The exponential growth of hematopoietic cells plated in a Petri dish could be described by a first-order reaction if nutrients and space are not limiting. In such idealized system, the current value of the population is sufficient to predict the population at any later time: the system is therefore linear. However, the constraint of the culture dish will cause the proliferation rates and death rates to vary as the cultures reach saturation. Thus, the ratio between the two rates fluctuates both locally and globally, and the system is better described by nonlinear dynamics. Phenomenological fluctuations are usually perceived as random, especially when small variations in initial conditions cause unpredictably large consequences. In effect, these seemingly random fluctuations can be modeled by nonlinear approaches and a deterministic system can exhibit aperiodic 'chaotic' behavior that depends sensitively on the initial conditions, thereby rendering long-term predictions impossible. Nonlinear systems are more difficult to study because a linear system can be broken into simpler components, and understanding the components would translate into an understanding of the system. However, cooperative and competitive interactions or mere interference among components as can be seen in a culture dish cause the system to be nonlinear. A comprehensive introduction to nonlinear dynamics can be found in the reference (Strogatz, 1994) . It is now well accepted that the behavior of a cell is the result of complex interactions between genetic, signaling and metabolic networks. Protein-protein interactions within one signaling pathway can be modified by crosstalk with another pathway, such that molecular pathways have to be studied in the context of the cell as a whole, and cellular behavior is best studied in the context of a model organism. Hence, nonlinear dynamics underlies current integrative approaches at the systems level. Finally, while linear dynamics is repetitive, nonlinear dynamics generates complexity as discussed later.
Chaos at the single cell level
Clonal assays opened the possibility of studying hematopoietic progenitors at the single cell level, and such approach revealed the unpredictability of the process of birth or death of isolated multipotent progenitors (CFU-S), despite the predictability of the system as a whole as discussed above (Till et al., 1964) . The stochastic model was later expanded to include the commitment of multipotent progenitors into particular lineages. Through sib analysis of the first two daughter cells originating from isolated multipotent progenitors, Nakahata et al. (1982) found that these paired daughter cells often exhibit lineage differences, reflecting asymmetric division. These sib analyses at the single cell level are also consistent with the view that lineage outcome is stochastic, and does not depend on cytokine combinations (Mayani et al., 1993) . More recent data from Origin of hematopoietic cell type diversity T Hoang long-term transplantation studies have also provided evidence that hematopoiesis is a stochastic process (Abkowitz et al., 1996) . Put into context, in 1963, while Lorenz discovered chaotic motion and formulated a model to study the weather, notorious for its unpredictability, Till et al unraveled the unpredictability of HSCs taken individually, and contrasted this unexpected heterogeneity with the predictability of the hematopoietic system as a whole and, by extrapolation, one may say with the remarkable constancy of hematopoietic parameters. Even if long-term reconstitution has now superseded the short-term spleen colony assay to measure stem cell function and even if the history of a cell may not be such a negligible dimension, the initial notion of chaotic behavior at the single cell level was prescient. Chaos does not equate total disorder, but indicates a state of sensitivity to small variations in initial conditions that renders the system unpredictable (for further reading on chaos, see (Strogatz, 1994; Trinh Xuan Thuan, 2001 ). More recently, the chaos hypothesis is proposed on the basis of an extensive study of a dynamic system that models the development of HSCs within a cell society. Differentiation is found to occur stochastically, due to dynamical instability caused by cell-cell interactions, and loss of multipotency is shown to be characterized by a decrease in both the diversity of chemicals (or molecules) found in the cell itself and in the complexity of the cellular dynamics (Furusawa and Kaneko, 2001) . Hence, according to this model, chaotic dynamics underlies the process of cell type diversification and, as this process takes place, lineage commitment or loss of multipotentiality is accompanied by a decrease in complexity. It may then be predicted that as cells progress along one of 10 differentiation paths, they should transit from chaotic to less chaotic behavior. The accuracy of these predictions with regards to molecular studies is discussed underneath.
A preview of things to come
Stemness may be viewed as a virgin state with regards to gene expression, as stem cells do not exhibit specialized functions associated with the differentiated state. However, gene expression associated with the erythroid lineage (b globin) or the myeloid lineage (myeloperoxidase) were found to be expressed at low levels in a multipotent cell line, prior to differentiation (Hu et al., 1997) , suggesting that multilineage gene expression actually precedes commitment to differentiation per se.
Another line of research perfected on the sib analysis described by Nagata et al, to examine gene expression in cDNA libraries generated from primary hematopoietic cells at all developmental stages. This approach revealed that multipotent progenitors express myeloid receptors such as c-fms, the G-CSF receptor and the alpha chain of the GM-CSF receptor, normally expressed in committed granulocyte and/or macrophage precursors (Billia et al., 2001) . In parallel, a third line of investigation monitored gene expression in populations of HSCs and later progenitors that are purified by flow cytometry. Not surprisingly, a global analysis of genes expressed in purified stem cells identified the presence myeloid (PU.1 and C/EBPa) or lymphoid (GATA-3) transcription factors (Phillips et al., 2000; Ivanova et al., 2002) (Figure 2 ). RT-PCR analysis of purified HSCs also identified the same sets of genes, in addition to erythroid gene expression (Miyamoto et al., 2002) as reported by Enver and co-workers (Hu et al., 1997) . Taken together, these observations are consistent with the concept of multilineage priming in stem cells. In this context, lineage commitment requires not only that the appropriate gene expression program is enhanced but also that alternate lineages are repressed. A typical example is the ectopic activation of PU.1 expression in the erythroid lineage by Friend virus insertion, which inhibits erythroid differentiation and causes erythroleukemia (reviewed by Ben David and Bernstein, 1991) . Another example is the misexpression of the SCL transcription factor in T lineage cells, caused by chromosomal rearrangements, that results in thymocyte differentiation arrest and T-cell leukemia (reviewed by Lecuyer and Hoang, 2004) . Hence, both PU.1 and SCL have to be turned off in irrelevant lineages, that is, the erythroid lineage for PU.1 and the lymphoid lineages for SCL. Interestingly, both E2A and the Pax5 transcription factor are required for the B-cell fate and their absence allows for expression of alternate fates in committed pro-B cells (Nutt et al., 1999; Ikawa et al., 2004) . Thus, transcription factors that are critical lineage regulators typically drive gene expression that specify a particular lineage but also inhibit irrelevant gene expression programs. In summary, HSCs express lineage affiliated genes, which are either consolidated or repressed upon differentiation (Bruno et al., 2004) , consistent with the above predictions that differentiating cells progress from a more complex gene expression program to less complex ones. In this context of multilineage priming, the intracellular dynamics of transcription factor networks could be simple or complex, like chaotic dynamics. In individual cells, complex oscillatory dynamics can be sustained by networks of nonlinear reactions that include positive and negative feedback (Ogawa, 1993; Furusawa and Kaneko, 2001) , as well as autocatalytic paths, as commonly observed with transcription factors that drive cell fate. Indeed, hematopoietic transcription factors have been shown to exhibit both cooperativity, as exemplified by the SCL transcription complex (Wadman et al., 1997; Lecuyer et al., 2002) , antagonism, as illustrated by the GATA-1/PU.1 (Rekhtman et al., 1999) , GATA-1/FOG (Chang et al., 2002) or SCL-E2A interactions in the lymphoid lineages (Chervinsky et al., 1999; Herblot et al., 2000 Herblot et al., , 2002 , as well as autoregulatory paths (Chen et al., 1995) . One may therefore predict that these networks are likely to exhibit nonlinear intracellular dynamics. The origin of stochasticity remains to be documented but may occur through chance encounter of the appropriate ensemble of regulatory proteins on DNA, to activate or repress specific genes. Interestingly, numerical experiments show that differentiation occurs if and only if individual cells exhibit oscillatory dynamics (Furusawa and Kaneko, 2001) . It follows that cell type diversification occurs as a consequence of chance interactions generated by the inherent instability of transcription factor networks within a cell. If so, will chaotic dynamics in HSCs elude quantitation forever? Recently, a method of calculations based on recurrence times for the Lorenz attractor (see Note) was developed by Gratrix and Elgin (2004) (Halsey and Jensen, 2004) , suggesting the possibility to demonstrate the chaotic properties of a system, and perhaps even its precise quantitative nature. With the possibility of obtaining pure stem cells (Benveniste et al., 2003; Ikawa et al., 2004) and the capacity to monitor the dynamics of gene expression within single cells by timelapse video-microscopy (Janicki et al., 2004) , it may not be so unrealistic to aim at predicting the unpredictable, HSC behavior for hematologists and the weather for Lorenz. Perhaps at a price, that of 'over'simplification.
Harmony at the systems level revealed by the genetics of acute leukemias
As mentioned above, chaotic motion does not exclude a state of dynamic equilibrium within the cell, required for the harmonious development of the hematopoietic system and allowing HSCs to integrate diverse signals to activate a differentiation program or to self-renew. Indeed, the critical importance of the equilibrium of transcription factor networks is revealed by the genetics of acute leukemias, as a majority of recurring chromosomal translocations in these leukemias involve Origin of hematopoietic cell type diversity T Hoang transcription factors (reviewed by Look, 1997), indicating that transcriptional regulation is sensitive to intrinsic perturbations. While it is well recognized that these oncogenes affect cell proliferation and cell survival, only recently has the importance of transcription factors that drive cell differentiation been recognized. For example, the E2A transcription factor is essential for commitment into the B lineage and for proper B-cell differentiation (Zhuang et al., 1994; Bain et al., 1997b) . Not surprisingly, the E2A locus is a common target of chromosomal translocations in B-cell leukemias. These translocations generate fusion proteins that acquire novel oncogenic properties. However, the diversity of the translocation partners in t(1;19) and t(17;19) B-ALL, that is, Pbx, HLF and EBF, suggests that alterations of E2A activity caused by haploinsufficiency at the E2A locus may also be an important contributor to the disease. In the thymus, E2A collaborates with HEB, another bHLH transcription factor, to drive thymocyte differentiation. While neither the E2A nor the HEB locus is a direct target of chromosomal translocations in T-cell leukemia, oncogenes that are involved in T-ALL have been shown to directly associate with E2A and HEB in thymocytes, and to inhibit their transcriptional properties (Chervinsky et al., 1999; Herblot et al., 2000; Tremblay et al., 2003) . Other examples include inactivating mutations of GATA-1 in megakaryoblastic leukemia (Wechsler et al., 2002) , and of PU.1 in AML (Pabst et al., 2001) . Together, this work reveals a novel tumor suppressor function for transcriptional regulators that act as lineage switch. Furthermore, oncoproteins in T-ALL directly interact with these transcriptional regulators, possibly perturbing the normal networks of protein-protein interactions entertained by these factors. To which extent these protein networks are globally perturbed in acute leukemias remains to be documented. The work nonetheless reveals that a tight regulation of transcription factor networks within single progenitors is essential for the harmonious development of the hematopoietic system as a whole.
Intrinsic regulators: A matter of dosage?
How do T and B lineage cells emerge from a common lymphoid precursor, the CLP? There is evidence that an E2A gradient determines the choice between a B-or T-cell fate. T-cell development depends on the regulated levels of bHLH transcription factors that include HEB, E2A, E2-2 and the inhibitory Id proteins that lack DNA binding. Indeed, E2A deficiency partially blocks T-cell differentiation at the early pro-T cells (Bain et al., 1997a; Yan et al., 1997) , while HEB deficiency interferes with the pro-T/pre-T transition (Barndt et al., 1999) . The initial stages in B-cell development also depend on E2A function, as targeted disruption of this gene results in a complete block of B-cell differentiation before the initiation of IgH locus recombination, indicating that this transcription factor is involved in B-cell specification (Zhuang et al., 1994; Bain et al., 1997b) . Progression in the B lineage also requires an intact E2A function, as E2A homodimers are required for proper expression of genes encoding components of the B-cell receptor (BCR). Hence, differentiation in both B and T lineages requires the presence of E2A. However, a major difference emerges when one examines the requirement in E2A gene dosage in these lineages. Indeed, thymocyte development in mice harbouing only one functional E2a allele is normal, while B-cell development is more severely impaired (Zhuang et al., 1996; Herblot et al., 2002) . Additional independent lines of evidence indicate that commitment in the B lineage requires higher E2A activity than T lineage commitment. First, the SCL transcription factor is expressed in both primitive pro-T and primitive pro-B cells. SCL expression has to be turned off at the earliest pro-B stage in order to allow Bcell differentiation to proceed (Goardon et al., 2002; Herblot et al., 2002) . In contrast, T lineage differentiation is not affected by ectopic SCL expression in two transgenic models (Larson et al., 1996; Aplan et al., 1997; Herblot et al., 2002) , indicating that transgene levels in these two models are not sufficient to inhibit E2A and HEB function in thymocytes, and requires collaboration with LMO proteins (Larson et al., 1996; Aplan et al., 1997) . These observations are consistent with the finding that E2A interacts with HEB in driving thymocyte development (Sawada and Littman, 1993; Barndt et al., 2000) . Another study, based on Notch1 signaling studies, indicates that a reduction in E2A function in the common lymphoid precursor is permissive for the T-cell lineage but not for the B-cell lineage, which requires an intact E2A activity (Busslinger et al., 2000) . Together, the observations suggest that B-cell commitment is more sensitive to E2A dosage than T-cell lineage commitment, consistent with a model of cell fate determination in the lymphoid lineages in which the B-versus T-cell fate is dependent on the level of E2A activity. Finally, a member of the ets family of transcription factor, PU.1, also governs B cell as well as macrophage developments. How can a single molecule coordinate two cell fates has been a matter of intense investigation. A recent report indicates that low levels of PU.1 are compatible with a B-cell fate, while high PU.1 levels specify the macrophage lineage (DeKoter and Singh, 2000) . Similarly, high levels of PU.1 favor the macrophage fate over the granulocyte fate . The mechanisms through which transcription factor dosage determines cell fate can be multiple. In the context of a network of interacting proteins, it is possible that a twofold difference in protein levels is sufficient to shift the equilibrium towards another transcription complex. For example, increasing E2A dosage would favor the formation of E2A homodimers over that of E2A heterodimers with other bHLH factors, therefore tilting the balance towards the B lineage. Furthermore, E2A recruits SAGA-like histone acetyltransferase complexes that remodulate the chromatin and determines the accessibility of DNA to transcription complexes (Massari et al., 1999) .
Interestingly, within a cell that has stably integrated a transgene, transcription factor dosage can influence the localization of this transgene inside silent heterochromatin or outside, corresponding to low or high levels of transcription, respectively (Lundgren et al., 2000) . It is therefore tempting to speculate that transcription networks are highly sensitive not only to the presence or absence of a particular member (Sieweke and Graf, 1998) but importantly also to a dosage effect that modifies its capacity to entertain particular proteinprotein interactions and/or affect changes in higher order chromatin structures.
The case of extrinsic regulation: think globally, act locally
If the process of lineage commitment is unpredictable at the single cell level, how does the hematopoietic system remain stable with regards to external perturbations? Furthermore, how does it respond to increased demand, for example following antigenic challenge or in anemia caused by hypoxic exposure? A survey of gene expression in stem cells identifies genes involved in cytokine response, Jak3 and SOCS5, as well as genes involved in cell-cell communications, Wnt10A/Frizzled, and c-Kit (Ivanova et al., 2002) , indicating that these cells are responsive to environmental cues. Indeed, hematopoietic cells require constant input from their environment for their survival. Environmental signaling could occur through direct cell-cell interaction, or through the action of soluble mediators (Figure 3 ). In the absence of these signals, hematopoietic cells undergo a default path of apoptosis. Interestingly, c-Kit signaling and the Jak-STAT pathway suppress apoptosis in hematopoietic cells (Koury and Bondurant, 1990; Caceres-Cortes et al., 1994; Wu et al., 1995; Rajotte et al., 1996) and both directly regulate HSC numbers in the mouse (Miller et al., 1996 (Miller et al., , 1997 Oh and Eaves, 2002) . These genes, however, do not appear to regulate cell differentiation, and may even prevent cell differentiation (Niwa et al., 1998; Caceres-Cortes et al., 2001) . Is it possible that commitment to differentiation occurs spontaneously, and that signals from the environment are required to Origin of hematopoietic cell type diversity T Hoang suppress this process? For example, LIF is required to maintain the totipotency of embryonic stem cells in vitro and this effect is mediated by STAT-3, as a dominantnegative STAT-3 causes ES cells to loose their selfrenewal properties and to differentiate into flatteneddispersed colonies (Niwa et al., 1998) . These observations also suggest that a loss of self-renewal ability is associated with spontaneous differentiation. Interestingly, Nanog, a gene that promotes self-renewal in ES cells in parallel to LIF, also prevents their differentiation . Furthermore, BMP cooperates with LIF to maintain the self-renewal of ES cells (Ying et al., 2003) and the BMP homolog, decapentaplegic (dpp) is required to suppress the differentiation of germline stem cells (Xie and Spradling, 1998) . Thus, parallel pathways that govern self-renewal in two stem cell systems, mammalian ES cells and germline stem cells, also suppress cell differentiation, suggesting that these genes may be acting at the first dichotomic choice between self-renewal and differentiation to suppress the latter. Stem cells are believed to reside in niches that determine their capacity to self-renew or differentiate. This decision is governed by asymmetric division, whereby one daughter cell remains attached to the niche, receives local instructive signals and self-renews whereas the other sib exits and differentiates (Wallenfang and Matunis, 2003) . In Drosophila, the distinct morphology and spatial localization of primordial germ cells at the anterior tip of the ovary or the testis apical tip, as well as the availability of multiple genetic tools have opened possibilities to dissect the mechanisms governing their asymmetric division. For example, the asymmetric division of stem cells in the testis depends on the functionality of the fly homolog of the tumor suppressor gene adenomatous polyposis coli (APC) (Yamashita et al., 2003) , an integral component of the Wnt pathway, although the contribution of Wnt signaling to this APC-dependent function has not been established. In contrast to these germline stem cells, HSCs have been more elusive due to the fact that it was not possible to observe these cells directly. In the same way as stars that are studied indirectly through their light, the latter reaching the observer with such delay that the source of light itself might have disappeared by the time it is captured, so were HSCs, invisible to our eyes and indirectly characterized by their progenies months or even years after commitment to differentiation has occurred, hence at a time when the cell of origin no longer exists. Thanks to ingenious approaches that started with quantitative and genetic analysis of spleen colonies (Becker et al., 1963) , later developing into quantitative analysis of transplantation assays by limiting dilution or competitive repopulation (Harrison et al., 1988; Szilvassy et al., 1990) , combined with improved gene transfer technology (Joyner et al., 1983; Williams et al., 1984) and the retroviral marking of HSCs (Dick et al., 1985; Jordan and Lemischka, 1990) , as well as technological developments in flow cytometry, our capacity to understand and hence to directly visualize these cells has remarkably improved (Akashi et al., 2000 ; Benveniste et al., 2003; Matsuzaki et al., 2004) . Identifying geographical niches (Calvi et al., 2003; Zhang et al., 2003; reviewed by Lemischka and Moore, 2003) in which to study HSCs in situ might provide insight into the regulation of asymmetrical division in these cells.
Evolutionary conserved pathways: cooperation and competition
It has been proposed that mechanisms regulating hematopoietic stem cells elaborate on those that establish morphogenesis during embryonic development. Indeed, several signaling pathways that determine cell fate in model organisms have been shown to expand HSCs. These include Wnt (Murdoch et al., 2003; Reya et al., 2003; Willert et al., 2003) , Notch1 (VarnumFinney et al., 2000) , Sonic Hedgehog (Bhardwaj et al., 2001) and BMP (Bhatia et al., 1999) . While it is well accepted that Notch (Raya et al., 2003) and Wnt (Nelson and Nusse, 2004 ) activities lead to asymmetry and that both Shh and BMP are mighty morphogens (reviewed by Zon, 2001) , how these environmental cues determine stem cell numbers remains to be ascertained. Wnt upregulates HoxB4 and Notch1 in purified HSCs , two genes that drive their selfrenewal capacities (Sauvageau et al., 1995; VarnumFinney et al., 2000; Antonchuk et al., 2002; Amsellem et al., 2003) . Whether HoxB4 and/or Notch1, or a dosage of these genes, mediates Wnt activity in HSCs remains to be documented. Furthermore, Wnt 3A and Wnt 5 (Murdoch et al., 2003; Willert et al., 2003) are active on HSCs but there are 19 Wnt genes in the mammalian genome. It is not known yet whether HSCs exhibit differential biological responses to different members of the family. For example, hematopoietic cell development was severely impaired in Notch-1-deficient but not in Notch-2-deficient embryos (Kumano et al., 2003) . Similarly, some variations in the activities of BMP-2, -4 and -7 on human SCID mice repopulating cells have been reported (Bhatia et al., 1999) . Since members of the same family exhibit comparable signal transduction pathways, it will be important to determine how signaling specificity is achieved, as this understanding may directly impact on our capacity to expand HSCs for the purpose of cellular therapy. For example, in mammalian ES cells, BMP can substitute for serum to synergize with LIF and suppress differentiation in these cells while maintaining their self-renewal ability. At the molecular level, this effect is mediated via Id proteins that sequester bHLH factors into inactive, non-DNAbinding complexes (Ying et al., 2003) . Finally, if the fate of a stem cell is influenced by its environment, the biological activity of a growth factor is also modulated by the presence of other growth factors. Interestingly, BMP has opposite activities on ES cells, depending on the presence or the absence of LIF. Indeed, when LIF was not added to the culture, BMP acquires a prodifferentiation ability and induces mesoderm and Origin of hematopoietic cell type diversity T Hoang blood formation (Johansson and Wiles, 1995) . Similarly, LIF alone does not suffice to maintain ES cell totipotency, which eventually adopt a neural fate. Thus, the decision between self-renewal and differentiation in ES cells appears to depend on the balance between the BMP-Smad (acting via Id) and the LIF-STAT3 pathways (Ying et al., 2003) . Therefore, BMP and LIF show both cooperation and competition in ES cell selfrenewal, reminiscent of chaotic processes. It will be interesting to determine whether these molecular mechanisms unraveled in ES cells recur in other stem cells including HSCs, perhaps as variations on a theme. Finally, as HSCs undergo further lineage restriction and the cells are faced with a two-lineage choice instead of a multilineage option, the extrinsic cues that govern the initial decision between self-renewal and commitment to differentiation appear to be recycled for other functions. This is exemplified by the decisive role of Notch1 at several branch points within the lymphoid lineages (reviewed by Guidos, 2002) . At the B and T lineage bifurcation, Notch signaling in the thymus drives the T-cell fate at the expense of the B-cell fate, possibly through an inhibition of E2A function (Ordentlich et al., 1998) . Furthermore, Notch-1 favors the ab over gd lineage choice as Notch-1 is haploinsufficient for the TCRab lineage (Washburn et al., 1997) . Finally, a constitutively active Notch-1 may also influence the CD4/CD8 decision (Robey et al., 1996) . Thus, although Notch-1 provides some instructional information to HSCs, this reiterative use of the Notch pathway suggests that the cells must be in a state of competence to respond appropriately. This competence is governed not only by the expression of transcription factors but also depends on the developmental history of the cell and on modulation by synergistic or antagonistic growth factors, as illustrated by the interaction between Notch and receptor tyrosine kinase signaling in shaping cell fate in the Drosophila eye (reviewed by Voas and Rebay, 2004) . It will be interesting to determine how Notch-1 signaling influences binary decisions at critical branch points of the hematopoietic hierarchy. Taken together, these observations indicate that pathways that determine patterning events and/or left/right asymmetry during embryonic development are reutilized in the adult to regulate HSC numbers and to sustain cell type diversification in the hematopoietic system.
'Of mice and men': the distinctive role of cytokines
In Drosophila, unpaired (Upd), encoding a secreted protein associated with the extracellular matrix, hopscotch (hop, Jak homolog) and stat92E (previously marelle, STAT homolog) genetically interact to shape embryonic segmentation and to specify the trachea (Harrison et al., 1998; Brown et al., 2001) . While it is not clear whether Upd has a mammalian homolog, the gene encoding its receptor, dome, shows some degree of homology with gp130, the signal transducing component of the LIF receptor. Nonetheless, the Jak-STAT pathway is co-opted by a network of cytokines, which is found only in vertebrates, although activities resembling colony stimulating factors (CSF) were found in the Fugu fish, and the orthologue of the M-CSF receptor in zebrafish (Parichy et al., 2000; Herbomel et al., 2001) . The debate on the role of these cytokines has centered on the question whether they are permissive or instructive, as a corollary to the debate of a stochastic versus deterministic mechanism of lineage choice. Several lines of evidence suggest a permissive role for cytokines in allowing the survival of cells that are already committed to one fate. First, erythropoietin (Epo) is required for the generation of red cells in vivo, but Epo or its receptor, EpoR, is dispensable for the generation of committed erythroid progenitors (Wu et al., 1995) . Similarly, mice lacking one or more than one of the colony-stimulating factors or their receptors develop normally, albeit with some deficiency in myeloid cell function. More intriguing is the fact that erythroid colony formation in vitro is observed in EpoR-deficient cells that are stimulated via other types of receptors, either the prolactin receptor (Socolovsky et al., 1997) , or c-Mpl (Kieran et al., 1996) , suggesting that erythroid cell differentiation is intrinsically determined and that Epo is required only to sustain cell survival. Finally, to verify whether c-Mpl or the G-CSF receptor has a deterministic effect on lineage outcome in megakaryocyte or granulocyte developments, the c-mpl gene was replaced by homologous recombination with a chimeric construct encoding the extracellular domain of c-Mpl and the intracellular domain of G-CSFR (Stoffel et al., 1999) . Surprisingly, knockin mice expressing this chimeric receptor instead of the wild-type c-Mpl exhibit normal hematological parameters, which is in sharp contrast with the platelet deficiencies of c-mpl knockout mice. This work provided indications that the G-CSFR intracellular domain is functional in transducing the TPO signal to megakaryote precursors. Together, these results further substantiated the claim that cytokines have a permissive role. In principle, cell fate determination requires either intracellular, extracellular or both mechanisms. Studies in Drosophila neuroblasts suggest that these neural stem cells are initially determined by extracellular positioning cues, which prime stem cells for cell autonomous 'lineage' mechanisms (reviewed by Lin and Schagat, 1997) , consistent with the view that both intracellular and extracellular mechanisms operate to govern the fate of the two daughter cells. Along this line and in contrast to the above, several approaches provide molecular and genetic evidence in support for a more active role of cytokines in cell differentiation. Initially, GM-CSF was described as growth factor that is required for the generation of granulocytes and macrophages in vitro. Moreover, a dosage of GM-CSF influences the choice between a macrophage and a granulocyte fate (Metcalf, 1980) . More recent evidence indicates that GM-CSF skews the output of multipotent cells towards the granulocyte and macrophage lineages (Just et al., 1991; Caceres-Cortes et al., 2001) , and that GM-CSF is endowed with the capacity to induce the differentiation Origin of hematopoietic cell type diversity T Hoang of common lymphoid progenitors (CLP) along the myeloid lineage, provided that the GM-CSF receptor is ectopically expressed in these cells (Kondo et al., 2000; . While the debate on the instructive role of cytokines was ongoing, molecular and functional studies indicate that GM-CSF induces an increase in PU.1 expression (Saint Denis, in preparation) in multipotent CMP, committed myeloid progenitors (GMP) but not other progenitors (MEP). Furthermore, PU.1 function is required downstream of the GM-CSF receptor to enhance phagocytosis in macrophages (Shibata et al., 2001) , and to sustain the survival of GMP (St Denis, in preparation). Since PU.1 gradients determine the macrophage fate over a B lymphoid or a granulocyte fate, these studies argue in favor of a proactive role of GM-CSF in macrophage determination at the macrophage/B lymphocyte branch point, as well as at the granulocyte/macrophage branch point. Similarly, the G-CSF receptor induces granulocyte differentiation through upregulation of C/EBPe (Nakajima and Ihle, 2001) and C/EBPa, thus altering the ratio of C/EBPa versus PU.1 in favor of the granulocyte lineage . Furthermore, a novel antiapoptotic role for VEGF during the formation of the primitive erythroid lineage has been described, and this effect is mediated by the SCL transcription factor (Martin et al., 2004) . Finally, c-Kit signalling downregulates the E12 transcription factor, a product of the E2A locus, and prevents progression in the B lineage at the pro-B to pre-B transition (Riley et al., 2002) . Together, these studies indicate that cytokines alter transcription factor dosage, thereby shifting the transcription network towards a particular path, and thus support an instructive role for cytokines in regulating hematopoietic cell differentiation. How do we reconcile these findings with the initially proposed models? Perhaps the confusion comes from the premise that HSCs are the main targets of control mechanisms that determine cell fate in the hematopoietic system. In fact, lineage choice is made at several stages of the hematopoietic hierarchy. While it is not clear at what point this choice becomes irreversible, a plausible scenario is that lineage choice within a cell requires consolidation via interaction with the environment. Thus, depending on the nature of the signal from the environment, this effect may occur at the level of multipotent, committed common myeloid or lymphoid progenitors, or even later progenitors, in committed granulocyte/macrophage or in committed megakaryocyte/erythoid progenitors. Finally, the combinatorial interaction between cell-extrinsic cues and cell-intrinsic processes not only consolidates lineage choice but also occurs continuously throughout the hematopoietic hierarchy to drive cell differentiation and maturation, and to enhance the function of mature blood cells.
Together, these observations are consistent with the view that the outcome of a stochastic process of differentiation initiated in multipotent progenitors can be regulated by extrinsic factors. These signals sustain the complex interactions that are responsible for the rapid adaptive response to extrinsic perturbations, for example, following antigenic challenge or in anemia caused by hypoxic exposure. These perturbations trigger a transient increase in cytokine production, for example, GM-CSF or erythropoietin, and a rapid adjustment of the specific lineage, the myeloid or the erythroid lineage, respectively.
Diversity and complexity
In summary, a convergence of approaches at the systems level including mathematical calculations and dynamical systems modeling set unprecedented conditions for addressing the mechanisms that underlie the generation of hematopoietic cell type diversity. Will this solve the question of complexity (Furusawa and Kaneko, 2000) and of functional specialization that appeared in multicellular organisms, and the question whether these have been selected for during evolution? The question itself is reminiscent of the multidimensional character of the phase space of a hurricane, as compared to the relatively simpler three-dimensional Lorenz attractor. To new levels of complexity, new concepts may be required (Halsey and Jensen, 2004) . Note Dynamical systems are not analysed in real space but in a multidimensional phase space that depends on the number of variables describing the system. Chaotic systems eventually settle on a structure of lower dimension than their phase space, called the strange attractor.
